THE INTRODUCTION OF THE IMMUNOSUPPRESSIVE calcineurin inhibitor cyclosporine A (CsA) in the 1980s dramatically improved the outcome after organ transplantation. However, CsA was found to be nephrotoxic, causing glomerulosclerosis, stripped tubulointerstitial fibrosis, tubular atrophy, and afferent arteriolopathy (27, 28) . While acute CsA nephrotoxicity is somewhat problematic in the postoperative period, it is usually reversible. On the contrary chronic CsA nephrotoxicity, ultimately leading to renal failure, still represents a major challenge in transplant medicine. The pathogenesis of CsA nephrotoxicity has been investigated in animal and in vitro models and also in clinical studies. From these investigations it is clear that CsA nephropathy is a complex multifactorial process involving the vasculature, the glomerulus, the tubular epithelium, and the renal interstitium (3, 4) . There are certain histopathological similarities between CsA nephropathy and renal organ aging (26, 34) , giving rise to the possibility that common biochemical intermediates and pathways may exist. In this paper, we will introduce the concept of CsA-mediated, stress-induced senescence of renal tubular epithelial cells.
Senescence was initially described by Hayflick and Moorhead in 1961 , who demonstrated that cultured human diploid fibroblasts proliferate only for a finite number of population doublings (12) . When this limit is reached, the cells arrest in the G1 phase of the cell division cycle but remain viable and metabolically active (6, 11) . Telomeres, the tandemly repeated hexamers at the end of mammalian chromosomes, were found to act as the cellular replicative clock (30) . Telomeres are shortened by each cell division, and once a critical telomere length has been reached the cell enters the state of replicative senescence. It is therefore not surprising that cellular senescence has been intimately linked with aging, and telomeres have been shown to shorten as a function of age in several cells and tissues including the renal cortex (1, 25) .
More recently it has also been shown that the activation of the cell cycle inhibitors p16 (p16 INK4A ) and p21 (p21 WAF ) induces a senescent phenotype. While p21 induction is directly related to telomere shortening via the p53 pathway, p16 has been shown to induce cellular senescence independently of telomere attrition (24) .
Aged kidneys are more susceptible to stress and disease, and renal aging has been associated with decreased glomerular filtration rate, glomerulosclerosis, tubular atrophy, and interstitial fibrosis (26, 34) . Aging of cells, however, is not only a consequence of time but can be accelerated by a multitude of other factors, including genetic disposition, environmental factors, diet, life style, and possibly pharmaceuticals. In the present study, we hypothesized that CsA induces a cellular stress to renal tubular epithelial cells, contributing to senescence and accelerated organ aging.
MATERIALS AND METHODS

Chemicals
All chemicals, unless otherwise mentioned, were purchased from Sigma (Vienna, Austria) and were of the highest grade available.
Cell Culture
HK-2 cells were purchased from American Type Culture Collection (ATCC no. CRL-2190). Cells were routinely cultured on 10-cm culture dishes from Sarstedt (Manassas, VA). The culture medium was a 1:1 mixture of DMEM and Ham's F12 (11966-025, 21765-029, GIBCO, Invitrogen, Lofer, Austria) containing 5 mM glucose supplemented with 10 ng/ml human recombinant EGF, 36 ng/ml hydrocortisone, 5 g/ml bovine insulin, 5 g/ml human transferrin, 5 ng/ml sodium selenite, 2 mM L-alanyl-L-glutamine (glutamax; GIBCO), 100 U/ml penicillin, and 100 g/ml streptomycin (GIBCO). Cells were fed three times weekly and subcultivated by trypsinization when near confluence. For our experiments, HK-2 cells were used between passages 12 and 30.
Human primary proximal tubular (HPT) cells were isolated from the cortex of macroscopically normal regions of nephrectomized kidneys, as previously described (8) . Ethical permission was given for the use of human renal samples. Briefly, cortexes were finely minced and subjected to a 35-min collagenase type II digestion. Digested material was forced through a tea strainer and washed in Hanks' balanced salt solution. This material was resuspended in 42% isosmotic Percoll solution and centrifuged at 25,000 g for 30 min at 4°C. The lowest fraction containing tubular fragments was plated on 10-cm dishes in DMEM without glucose, containing 10% FCS and 2 mM L-alanyl-L-glutamine, 100 U/ml penicillin, and 100 g/ml streptomycin. Confluent monolayers were trypsinized and cultured again to confluence in the same medium as HK-2 cells. HPT cells from a 30-yr-old male donor were used at passage 1 for these experiments.
Experimental Design
Cells were trypsinized and seeded onto 6-well plates, glass coverslips on 12-well plates or 96-well plates depending on the experiment.
(1,800-, 800-, and 100-l medium volumes were used, respectively.) Cells were grown to full confluence before treatment for all experiments (unless otherwise stated) to best represent the in vivo situation of a differentiated epithelial monolayer. CsA was dissolved in absolute ethanol to 10 mM, aliquoted, and frozen at Ϫ20°C. This stock was further diluted in absolute ethanol directly before treatment and added to the growth medium. Ethanol concentrations were at a maximum of 0.2% in all treatment groups, including controls. CsA concentrations of 20, 10, 8.3, 5, 2.5, 1.25, and 0.83 M were used depending on the experiment. Cisplatin was freshly prepared in DMSO at 150 mM and added to the cell culture medium at 1:1,000. Cells were treated for 24 h, unless otherwise stated.
Assays
Cytotoxicity. Release of the cytosolic enzyme lactate dehydrogenase (LDH) into the supernatant medium was assayed using a commercially available assay (Roche, Mannheim, Germany). Hoechst DNA staining. Cells were cultured and treated on glass coverslips and fixed in 4% paraformaldehyde for 30 min, washed in PBS, and incubated with 0.5 g/ml Hoechst 33258 for 10 min. Cells were washed and mounted in 3 mg/ml p-phenylene-diamine glycerol solution. Photographs were captured from a Zeiss Axiophot microscope with a cooled CCD camera (Spot, Diagnostic Instruments).
H 2O2 production. Thirty microliters of freshly collected supernatants were added to 30 l of 0.16 mM Amplex Red Ultra (Molecular Probes) and 1 U/ml horseradish peroxidase (HRP) in PBS. The plates were incubated for 1 h at 37°C. Fluorescence was measured at 540-nm excitation and 595-nm emission. Fluorescence was linearly proportional to H 2O2 added to cell culture medium (10, 5, 2.5, 1.25, 0.63, 0.31, 0.16, and 0 M H2O2 gave an r 2 ϭ 0.997). Relative fluorescent units (RFU) were converted to fold over basal values.
Bromodeoxyuridine/resazurin. Cells were treated on 96-well plates and incubated for 2 h with 44 M resazurin and 10 M bromodeoxyuridine (BrdU)-labeling reagent (Roche) in growth medium. Resazurin reduced to resorufin was measured at 540-nm excitation and 590-nm emission. Resazurin reduction is similar to the MTT assay and is directly proportional to the number of viable cells (21) . Cells were washed and fixed in FixDenat (Roche) for 30 min. Cells were incubated for 1 h with anti-BrdU HRP-conjugated Fab fragments (Roche) with 300-rpm orbital shaking. Cells were washed and incubated for 30 min in 20 M Amplex Red Ultra (Molecular Probes), 5 mM H 2O2 in PBS. Amplex red is converted to resorufin in the presence of H 2O2 and HRP (41) . Since HRP is limited in this reaction, fluorescence is directly proportional to antibody bound and thus to BrdU incorporated. The resazurin assay does not interfere since the wells are washed out several times before this step. Fluorescence was measured at 540-nm excitation and 595-nm emission. RFU were converted to % control values.
Flow cytometry. Cells were treated at confluence on six-well culture dishes, harvested by trypsinization, and subsequently fixed with 70% ethanol for 30 min at 4°C. Cells were then incubated in 50 g/ml propidium iodide in the presence of 200 g/ml RNAse (Roche) for 15 min at room temperature, protected from light. Analysis was carried out on a BD FACSCalibur flow cytometer (Becton Dickinson, Heidelberg, Germany) with laser excitation at 488 nm using a bandpass filter to collect red propidium iodide fluorescence. Cell clumps were excluded from analysis on the basis of fluorescence height vs. area. The percentages of cells in different phases of the cell cycle were analyzed using CellQuest software (Becton Dickinson).
Phosphorylated p53 enzyme immunoassay. Cells were cultured on 96-well plates and treated for various time points with CsA. Cells were washed with PBS and fixed with 99% methanol at Ϫ20°C for 10 min. Nonspecific binding sites were blocked using 5% BSA (fraction V), 1% Triton X-100 in PBS for 30 min. Affinity-purified rabbit anti-Phospho-p53 (S15) antibody (0.5 ng/ml, AF1043, R&D Systems, Minneapolis, MN) in 1% BSA, 0.1% Triton X-100 was added and incubated for 1 h at room temperature (or overnight at 4°C) with 300-rpm orbital shaking. Plates were washed and incubated with an HRP-conjugated secondary antibody for 30 min with shaking. After another washing step, Amplex red was used to detect HRP (as described for BrdU assay). RFU were converted to fold over basal values.
Quantitative real-time PCR. RNA was isolated from cell cultures using a column-based assay (High Pure RNA Isolation kit, Roche). Total RNA was quantified using a fluorescent-based assay (Ribogreen, Molecular Probes) and adjusted to 1 g/10 l for each sample. RNA was transcribed to cDNA using Moloney murine leukemia virus reverse transcriptase (Invitrogen), nucleotides (Amersham, Buckinghamshire, UK), and random hexamers (Roche). For determination of gene expression levels of p21 (p21 WAF1, CDKN1A), p16 (p16INK4a, CDKN2A), and p27 (p27KIP1, CDKN1B), a commercially available, predesigned primer set was used (Applied Biosystems, Brunn am Gebirge, Austria). Sequencespecific primers and probes for endothelial nitric oxide synthase (eNOS, NOS3), inducible nitric oxide synthase (iNOS, NOS2a), and p53 (TP53) were designed using Primer Express Software (Applied Biosystems).
18s RNA (Applied Biosystems) served as a standard reference gene. PCR reagent mixes for designed primers contained 900 nM sense and antisense primer, 200 nM probe, and a TaqMan Mix (Applied Biosystems). A thermal cycling profile started with 2 min at 50°C (RNAse inhibitor activation) and 10 min at 95°C to activate polymerase. Repeating cycles were performed 40 times at 95°C for 15 s, followed by 60°C for 1 min. Samples were run in duplicate, and the gene expression levels were calculated using the ⌬⌬Ct method. Experiments were carried out using the ABI PRISM 7700 and evaluated by the SDS 1.9.1 software package and GraphPad Prism (GraphPad Software, San Diego, CA).
Telomere length assay. Genomic DNA was isolated from cell cultures with a DNeasy Tissue Kit (Qiagen) and quantified using the fluorescent-based Picogreen assay (Molecular Probes). Relative telomere length was determined using an optimized assay (17) originally described by Cawthon (7). Separate PCR experiments were performed for telomere (T) and 36B4, a single-copy gene (S), in 96-well optical reaction plates (Applied Biosystems). Twenty microliters of 2.5 ng/l sample DNA was transferred in duplicate to identical positions for telomere as well as for 36B4 experiments. The primer pair sequences for telomere PCR were (5Ј to 3Ј) the following: for tel1b CGG-TTTGTTTGGGTTTGGGTTTGGGTTTGGGTTTGGGTT and tel2b GGCTTGCCTTACCCTTACCCTTACCCTTACCCTTACCCT. Sequences for 36B4 were forward CAGCAAGTGGGAAGGTGTA-ATCC and reverse CCCATTCTATCATCAACGGGTACAA. The reagent mixture composition shared by T and S PCR was 15 mM Tris ⅐ HCl (pH 8.0), 50 mM KCl, 200 M dNTP (Amersham), 1% DMSO, 2.5 mM DTT, and 0.4ϫ Sybr Green I (Molecular Probes, Invitrogen). The composition specific for PCR (T) was 1.5 mM MgCl 2, 1.5 U AmpliTaq Gold DNA polymerase (Applied Biosystems), and 450 nM for each telomere-specific primer. The composition specific for PCR (S) was 3.5 mM MgCl 2, 0.75 U AmpliTaq Gold DNA polymerase, 300 nM for the 36B4 forward primer, and 500 nM for the 36B4 reverse primer.
Experiments were carried out on an ABI Prism 7700 Sequence Detector (Applied Biosystems). The thermal cycling profile started with 15 min at 93°C to activate polymerase for PCR (T) and 10 min at 95°C to activate polymerase for the PCR (S). Repeating cycles were performed 25 (T) and 40 (S) times at 95°C for 15 s followed by 56°C for 1 min. To reduce interassay variation, a HK-2 DNA sample was used as a standard for both 36B4 and telomere. The standard was serially diluted from 5, 2.5, 1.25, 0.625, 0.313, 0.156, 0.078, and 0 ng DNA/l. Using a spline fit of the antilog data, cell cycle threshold was converted to nanograms DNA per microliter, and then the T/S ratio was calculated. The T/S ratio of the standard sample was set to 1, and changes in telomere length (amount of telomeric DNA) were normalized to the standard.
Statistics
All data are expressed as means Ϯ SE, unless otherwise specified. Statistical analysis was performed using GraphPad Prism. Intergroup differences for continuous variables were assessed by one-way ANOVA, using Dunnett's posttest to determine the significance of differences between groups. An unpaired Student's t-test was used for assessing statistical significance for experiments with only two data sets (control vs. treated).
RESULTS
We assessed the effect of CsA on induction of necrosis and apoptosis. A 24-h exposure of HK-2 cells to CsA resulted in a dose-dependent increase in the release of the cytosolic enzyme LDH into the supernatant medium (Fig. 1A) . However, CsA neither induced caspase 3 activity nor caused nuclear condensation at any of the concentrations applied (Fig. 1, A and B) . The DNA-intercalating agent cisplatin was used as a positive control, which increased caspase 3 activity (6.67 Ϯ 0.043-fold over basal) and induced nuclear condensation (Fig. 1B) .
Next, we investigated the impact of CsA exposure on DNA synthesis. Pretreated HK-2 cells were incubated with both resazurin and the pyrimidine analog BrdU. Resazurin is reduced to resorufin by the cellular redox potential of viable cells, and BrdU is built into the DNA of proliferating cells. Resazurin conversion gives an estimation of viable cell number and BrdU, which is detected by immunoassay, gives an index of DNA synthesis. By combining both of these assays, we can establish whether a change in proliferation is due to a change in cell number. CsA caused a dose-dependent decrease in proliferation without a significant loss of cell number (Fig. 2A) . This result may appear to contradict the observed increase in LDH release (Fig. 1A) ; however, mild toxicity induces LDH release without a significant change in viable cell number. This experiment was conducted on confluent monolayers. Although at confluence, HK-2 cells exhibit some "contact inhibition," there is still a significant cellular proliferation due to normal monolayer turnover. CsA dose dependently inhibited this basal cellular turnover. In another experiment, nonconfluent HK-2 and HPT cells were treated daily with 5 M CsA for 13 days and cell number was determined on a daily basis using the resazurin assay. Both HK-2 cells and HPT cells continued to proliferate in the presence of CsA but at a lower rate than controls. As CsA treatment time increased, proliferative capacity decreased (Fig. 2, B and C) .
Flow cytometric-based cell cycle analysis was used to investigate whether the CsA-induced inhibition of cell proliferation is due to cell cycle arrest. In HK-2 cells, CsA treatment resulted in an increase in the percentage of cells in the G0/G1 phase and a concomitant decrease in the percentage of cells in the G2/M phase (Fig. 3, A and B) .
Using quantitative real-time PCR, we analyzed some likely candidates in cell cycle regulation. Also, the expression of iNOS and eNOS mRNA was analyzed as nitric oxide (NO) has been implicated in many CsA-dependent effects both in vivo and in vitro. In HK-2 cells treated with 10 M CsA for 24 h, there was no alteration in p16 mRNA (Table 1 ). p21 was highly induced. p27 was slightly increased but not significantly. p53 slightly decreased but also not significantly. eNOS was elevated but not iNOS. In HPT cells treated with M CsA Fig. 2 . CsA-induced reduction in DNA synthesis and proliferation. A: HK-2 cells were cultured to confluence on 96-well plates and treated for 24 h with CsA. DNA synthesis was assayed using bromodeoxyuridine (BrdU) incorporation (E), and relative cell number was assayed using resazurin reduction (F). Values are means % control Ϯ SE of 6 independent experiments with at least 3 replicates per experiment. Statistically significant, **P Ͻ 0.01. B and C: HK-2 cells (P14) and HPT cells (P1) were seeded at low density onto 6-well plates. After 1 day in culture, cells were treated with vehicle (0.05% ethanol) and 5 M CsA. Resazurin reduction was measured every day (1-h incubation in 44 M resazurin). Fresh medium containing CsA or vehicle was given to the cells directly after the resazurin assay. Cells were passaged on day 7 (break in graph), and the experiment was continued until day 13. Values are means Ϯ SE of 5-6 experiments expressed as relative fluorescent units (RFU). Confluent HK-2 cells were treated with or without 10 M cyclosporin A (CsA) on 6-well plates for 24 h. eNOS and iNOS: endothelial and inducible nitric oxide synthase, respectively. RNA was isolated, and gene products were determined using quantitative real-time PCR. Data were normalized to control (vehicle) expression and expressed as fold over basal.
for 24 h, p21 was increased and p16 was unchanged (Table 2) . p16 mRNA was also measured in HK-2 and HPT cells treated daily for 7 and 13 days with 5 M CsA. p16 mRNA was not significantly altered in HK-2 cells but was significantly elevated in primary HPT cells after a 13-day exposure (Table 3) .
p21 is directly downstream of p53, and thus the lack of p53 expression could imply that mRNA had already returned to baseline values after induction or also that there is only an increase in activated (phosphorylated) p53 and not in the gene product. To investigate this, we utilized an antibody recognizing a phosphorylated site at serine 15 on the p53 protein.
Cells were treated with CsA at different time points in 96 wells, permeabilized, and assayed for activated p53. In HK-2 cells, there was a dose-dependent increase in activated p53 expression, peaking at 8 h (Fig. 4, A and B) .
The reduction of telomere length has been shown to be one of the events leading to activation of p53. We thus investigated the effect of 10 M CsA on HK-2 and HPT telomere length using quantitative real-time PCR. Relative T/S ratio measured by quantitative PCR has been shown to have a strong correlation with telomere length determined by the telomere restriction length assay (7) . CsA resulted in a 17 and 14% reduction in telomere length in HK-2 and HPT cells, respectively (see Fig. 6, A and B) .
Since reactive oxygen species generation is known as one of the major toxic intermediates leading to DNA damage, we investigated whether CsA induces the production of H 2 O 2 . As can be seen in Fig. 5A , CsA caused a dose-dependent increase in H 2 O 2 generation in HK-2 cells. To investigate the impact of CsA-induced H 2 O 2 on cytotoxicity and proliferation, we coincubated cells with 140 U/ml catalase, an enzyme that specifically breaks down H 2 O 2 into H 2 O and O 2 . Catalase caused an attenuation of both CsA-induced cytotoxicity (Fig. 5B) and CsA-induced decrease in proliferation (Fig. 5C) . Coincubation of cells with 140 U/ml catalase also abolished the effect of CsA on telomere length (Fig. 6) . Catalase most likely does not enter the cytoplasm of the cell and so acts as an H 2 O 2 scavenger primarily extracellularly. However, since H 2 O 2 is freely permeable to cell membranes, catalase mops up extracellular H 2 O 2 , thus reducing intracellular accumulation. These effects of catalase demonstrate that H 2 O 2 production is responsible, at least in part, for cytotoxicity and reduced proliferation.
DISCUSSION
Due to the complex and multifactorial nature of chronic CsA nephrotoxicity, it is advantageous, when specific cellular and biochemical effects are being investigated, to remove higherorder regulatory systems. One method of achieving this is the use of cell culture systems, which have had a major impact on the understanding of cell-specific nephrotoxic mechanisms in general (15, 36) . Due to the clinical importance of CsA, many investigations have been conducted in different cell culture types in an attempt to understand the cell type-specific mechanisms of CsA toxicity (15) . One of the unifying effects of CsA in cell cultures of most renal cell types is a reduction in proliferation capacity, demonstrated in mesangial cells (39) , endothelial cells (38) , and tubular epithelial cells (18) . Here, we investigated whether this observed decrease in proliferation involves distinct senescence pathways, leading to an accelerated aging of renal cells. Confluent human proximal tubule (HPT) cells were treated with or without 10 M CsA on 6-well plates for 24 h. RNA was isolated, and gene products were determined using quantitative real-time PCR. Data were normalized to control (vehicle) expression and is expressed as fold over basal. HK-2 and HPT cells were treated with 5 M CsA as described in the legend for Fig. 2 , B and C. RNA was isolated after 7-and 13-day exposure. Data were normalized to control (vehicle) expression and are expressed as fold over basal. Telomeres consist of a repetitive base sequence (TTAGGGn) and are necessary for positioning of the chromosomes in the nucleus, as well as for protection of the coding parts of the DNA from recombination, degradation, and replicative damage (10, 40) . Once an individual chromosome is not "capped" by a telomere exceeding a critical length, or the associated multicomponent protein assembly is disturbed, the situation is sensed as a DNA strand break. Already at 8 h after CsA exposure, there was a decrease in mean telomere length in both HK-2 cells and HPT cells. DNA strand breaks can lead to the activation of ATM kinase, a member of the phosphatidylinositol 3-kinase family. ATM phosphorylates p53 directly (at serine 15), as well as phosphorylating the Chk2 checkpoint kinase, which promotes additional phosphorylation of p53 (at serine 20) (2) . We demonstrated that CsA induces a dosedependent p53 serine 15 phosphorylation, which peaked at 8 h, coinciding with telomere shortening. Activation of p53 induces transcription of the cell cycle inhibitor p21, leading to cell cycle arrest in the G0/G1 phase. In our experiments, CsA significantly induced p21 mRNA and cells were arrested in the G0/G1 phase of the cell cycle, which could be independently observed by a CsA dose-dependent decrease in DNA synthesis without alterations in viable cell number. In addition, we observed no CsA-mediated induction of apoptosis, suggesting that the severity of telomere-mediated cell cycle arrest was mild enough to induce senescence without programmed cell death. It has been previously demonstrated that telomere attrition can induce either senescence or apoptosis, depending on the level of telomere dysfunction (19) .
p16 is considered a marker of renal aging in vivo (26) and has been shown to be a marker of senescence in vitro (16) . An elegant study by Jacobs et. al. (13) dissected the effects of telomere-directed p16 and p53 senescence, demonstrating that p16-induced senescence is independent of p53 activation and is primarily a late event, appearing after 1 wk. In our study, p16 mRNA was unaffected by a 24-h treatment of 10 M CsA in both HK-2 and HPT cells. However, HPT cells treated daily with 5 M CsA for 13 days exhibited a significant increase in p16 mRNA. Thus CsA does cause an elevation in p16 mRNA Fig. 6 . Effect of CsA on telomere length. HK-2 and HPT cells were cultured to confluence on 6-well plates and treated for 8 h with or without 10 M CsA in the presence or absence of 140 U/ml catalase. Genomic DNA was isolated, and telomere length was determined by quantitative real-time PCR relative to the single-copy gene 36B4. Values are expressed as fold over basal telomere cycle threshold (T) divided by the single-copy gene cycle threshold (S). Statistically significant, **P Ͻ 0.01. In B, CsA resulted in a reduction in relative telomere length (without catalase), but this effect was over the significant threshold (P ϭ 0.0517). Fig. 5 . CsA-induced H2O2 production and effect of catalase coincubation on LDH release and DNA synthesis. HK-2 cells were cultured to confluence on 96-well plates and treated for 24 h with CsA. A: supernatants were collected, and H2O2 was quantified using a peroxidase/Amplex red assay. Values are means Ϯ SE of 3 independent experiments with at least 3 replicates per experiment expressed as fold over basal. Statistically significant, *P Ͻ 0.05, **P Ͻ 0.01. The effect of catalase on CsA-induced LDH release (B) and BrdU incorporation (C) was determined. Open bars, without catalase; filled bars, with 140 U/ml catalase. Statistically significant,*P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. in primary cells, but only after long-term exposure. The lack of p16 mRNA induction in HK-2 cells treated for 13 days with CsA may indicate a loss of a functional p16 pathway in these cells due to immortalization [HK-2 cells were immortalized by transduction with human papilloma virus (HPV 16) E6/E7 genes] (37).
CsA induced a dose-dependent increase in H 2 O 2 production. CsA induction of H 2 O 2 production has been previously documented in cultured mesangial cells and LLC-PK 1 cells (33, 35) . H 2 O 2 is known to directly cause DNA strand breaks and also to contribute to telomere attrition (9) . When cells were exposed to CsA in the presence of extracellular catalase, which specifically breaks down H 2 O 2 , there was a reduction in CsA-induced cytotoxicity and an attenuation of the CsAinduced effect on proliferation and telomere attrition. In animal studies, cotreatment with antioxidants has been shown to reduce some of the toxic effects of CsA (14, 20) . The catalase protection of telomere attrition would be in line with previous findings, demonstrating that the telomere is a region hypersensitive to oxidative damage (24) . However, the effect of catalase was not as efficient on the reversal of CsA-induced decreased DNA synthesis. The telomere assay measures the global mean telomere length of all chromosomes, which may not be sensitive enough to detect smaller alterations, as the shortening of telomeres on specific chromosomes may preferentially activate senescence pathways (23) .
CsA also induced eNOS mRNA in HK-2 cells. CsA has been previously shown to increase transcription of eNOS in a H 2 O 2 -dependent fashion (22) , and it is speculated that this induction involves the redox-sensitive transcription factor AP-1 (32) . NO itself is involved both in p53 activation (31) and in DNA damage (5) . Recently, it has been shown that interstitial telomeric DNA sequences are hypersensitive to NO (29) . Thus H 2 O 2 production may amplify telomere attrition by indirectly elevating NO production by inducing eNOS transcription.
CsA thus appears to activate both the p53 telomere-dependent pathway and the p16/pRB-senescent pathway in renal HPT epithelial cells in vitro. Activation of the p53 pathway was evidenced by telomere attrition, p53 serine 15 phosphorylation, and induction of p21 transcription, leading to decreased DNA synthesis. Primary cells were more sensitive to CsA-induced long-term attenuation of proliferative status most likely due to a convergence of both the p16/pRB and the p53 pathway in these cells, where the HK-2 cell line lacks a CsA-induced p16 response. The induction of reactive oxygen species may initiate the senescence cascade, as catalase incubation attenuated many of the responses to CsA. Accelerated aging of the kidney due to CsA-induced reactive oxygen species production may play an important role in the limited life of transplanted kidneys.
